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The Crystal and Solution Structure
of a Putative Transcriptional Antiterminator
from Mycobacterium tuberculosis
conserved aspartate within its own receiver domain. The
RR typically has two major domains: a receiver domain,
which becomes activated upon phosphorylation and an
output domain, which, in most cases, is DNA binding
and involved in regulating transcriptional initiation.
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Hamburg After transcriptional initiation has taken place, addi-
tional levels of regulation of the transcribing machineryGermany
2 Department of Molecular, Cell, can occur. One of these is the termination or antitermina-
tion of DNA transcription (Henkin and Yanofsky, 2002).and Developmental Biology
3 UCLA-DOE Institute for Genomics and Proteomics Intrinsic antitermination involves stem loop formation
followed by a number of U bases at a specific site inUniversity of California, Los Angeles
Los Angeles, California 90095 the leader region on the newly transcribed RNA. It is by
formation of this stem loop and in an interplay with4 Institute of Crystallography
Russian Academy of Sciences additional stimulating factors that the RNA polymerase
core will either terminate, or prevent termination of, theLeninsky pr. 59
117333 Moscow ongoing transcription (Nudler and Gottesman, 2002).
The factors which are involved in the intrinsic antitermi-Russia
nation process can either be unphosphorylated tRNA
as is the case for the tryptophan operon in Bacillus
subtilis (Grundy and Henkin, 1993) or protein:RNA inter-Summary
action as in the SacY/BglG system (Manival et al., 1997).
The pathogenic eubacteria Pseudomonas aeruginosaWe describe the crystal structure of Rv1626 from My-
is able to utilize short aliphatic amides as carbon sourcescobacterium tuberculosis at 1.48 A˚ resolution and the
governed by the gene products from the amidase op-corresponding solution structure determined from
eron. The amidase operon is regulated at the transcrip-small angle X-ray scattering. The N-terminal domain
tional level by an antitermination/termination system.shows structural homology to the receiver domains
The gene products of amiR and amiC in the amidasefound in bacterial two-component systems. The
operon have been shown to be responsible for this regu-C-terminal domain has high structural homology to a
lation (Wilson et al., 1993). Under inducing conditions,recently discovered RNA binding domain involved in
when there are short amides in the media, the AmiR-transcriptional antitermination. The molecule in solu-
AmiC complex is believed to dissociate and thus acti-tion was found to be monomeric as it is in the crystal,
vate AmiR. The activated AmiR prevents the formationbut in solution it undergoes a conformational change
of a terminator stem loop on the transcribed mRNA,that is triggered by changes in ionic strength. This is
which otherwise is formed in the constitutive promoterthe first structure that links the phosphorylation cas-
region of the amidase operon (Norman et al., 2000).cade of the two-component systems with the antiter-
The crystal structure of the AmiR-AmiC complex wasmination event in the transcriptional machinery.
recently solved. The structure revealed that the N termi-Rv1626 belongs to a family of proteins, which we pro-
nus of the antiterminator (AmiR) adopted the same over-pose calling phosphorylation-dependent transcrip-
all fold as found in the receiver domains of the two-tional antitermination regulators, so far only found in
component systems, but with the active site residuesbacteria, and includes NasT, a protein from the assimi-
necessary for phosphorylation absent (O’Hara et al.,latory nitrate/nitrite reductase operon of Azetobacter
1999). The C terminus is a three-helical bundle, whichvinelandii.
had been shown to bind leader mRNA. Deletion studies
of the C-terminal three-helical bundle have shown that
Introduction both the last and second to last helices are needed for
antitermination activity (Wilson et al., 1996). The struc-
A prototypical two-component system consists of a sen- ture and sequence of AmiR and the sequence of another
sor histidine kinase (HK) and a response regulator (RR). antiterminator NasR (Chai and Stewart, 1998) laid the
The HK reacts to an external or internal stimulus, specific basis of a new domain type abbreviated ANTAR (AmiR
to the particular two-component system. The stimulus and NasR transcription antitermination regulators) (Shu
could be, for example, nitrogen assimilation (Rabin and and Zhulin, 2002).
Stewart, 1993) or phosphate starvation (Liu and Hulett, In this paper we report the crystal and solution struc-
1997). These stimuli will cause the HK to autophosphory- ture of Rv1626 from Mycobacterium tuberculosis. We
late a conserved histidine residue, with the -phosphate propose that this is a new class of antiterminators acti-
of a bound ATP, from the ATP binding domain within vated by phoshorylation and that NasT from Azetobac-
the HK, forming a highly reactive phosphoamidate bond. tor vinelandii belongs to the same class of proteins. The
The cognate RR catalyzes the phosphoryl transfer to a solution structure indicates that the protein is able to
undergo a conformational change but that it exists as
a monomer in the solutions tested.*Correspondence: tucker@embl-hamburg.de
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Figure 1. The Overall Structure of Rv1626
(A) Stereo representation showing the C
trace of Rv1626, every tenth C position is
labeled.
(B) The upper N-terminal domain with an /
fold has a structure similar to the receiver
domain of NarL. The flexible -loop between
3 and 3 which covers the phosphorylation
site is indicated as is the kink region between
5 and 6. The C-terminal ANTAR domain
at the bottom is a three-helical bundle. The
N- and C termini are marked “N” and “C”
respectively. The figure was prepared in
MOLSCRIPT (Kraulis, 1991) and rendered in
Raster3D (Merritt and Bacon, 1997).
Results and Discussion The protein crystallizes as a monomer with one mole-
cule in the asymmetric unit. Importantly, there are no
major protein-protein interfaces that might indicate aStructure of the Rv1626
Experimental phases of Rv1626 were obtained from a dimer or higher oligomeric state for the molecule, al-
though size exclusion chromatography suggests a di-quick soak in a 0.5 M sodium iodide solution. The struc-
tural analysis has been performed on the refined 1.48 A˚, mer (see below).
native data. Only residues 11–200 were visible in the
electron density map. The residues 103–107 in the native The Receiver Domain
The putative phosphorylation site (see Figure 2) containsstructure were disordered and the electron density diffi-
cult to interpret. The addition of sodium iodide stabilizes all residues essential for phosphorylation, namely Glu20,
Asp21, Asp65, and Lys114. The phosphorylation site inthis loop region, and the conformation of the loop region
observed in the iodide structure has been used as a Rv1626 has three additional bound water molecules.
Asp65_O2 makes hydrogen bonds with Lys114_NHmodel for this region in the native structure.
The molecule consists of two major domains, the ex- (2.8 A˚) and Glu20_O1. The fact that they are pointing
toward each other making a strong hydrogen bond (ac-pected N-terminal receiver domain and the newly char-
acterized (C-terminal) ANTAR domain connected by a ceptor to donor distance of 2.6 A˚) suggests that at least
one of the carboxyl groups of Glu20 and Asp65 arelinker region. The N-terminal domain has a five-mem-
bered antiparallel sheet with the topology21345 protonated. Asp65_O1 makes hydrogen bonds to a wa-
ter molecule (2.7 A˚) which in turn is hydrogen bondedidentical to that found in a typical receiver domain. It is
surrounded by five  helices, 2–4 on one side and 1 to Lys114_NH″ (2.7 A˚), completing a ring-like hydrogen-
bonding network involving Asp65, Lys114, and the waterand 5 on the other. The linker region connecting the
two domains consists of the C-terminal part of helix 5 molecule. Glu20_O2 fixes a second water molecule in
the phosphorylation site via a hydrogen bond (2.9 A˚).and the N-terminal part of helix 6. The reason for this
domain organization will be discussed later. The C-ter- Asp21 is disordered but in one conformation is hydrogen
bonded to a third water molecule which is also bondedminal domain is a helical bundle made of the C-terminal
half of 6 and helices 7 and 8 (see Figure 1). to the carbonyl group of Lys68 (2.7 A˚).
A Transcriptional Antiterminator from MtB
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Figure 2. Stereo Representation of the Putative Phosphorylation Site in Rv1626
All amino acids involved in hydrogen bonding have been contoured with a 2Fo  Fc electron density map at the 1	 level. Water molecules
are shown as green spheres and hydrogen bonds as dashed lines. The figure was prepared in XTALVIEW (McRee, 1999)
The -loop present in all response regulator receiver (3.0 A˚), Arg148_N
 to Val142_O (2.8 A˚), and Arg148_N

to a solvent molecule (3.0 A˚). Thr144_O makes a strongdomains, spans residue Lys68 to Asp73 and connects
3 with 3. In this structure it adopts a conformation hydrogen bond with Glu147_O1 (2.6 A˚) and Glu147_O
is hydrogen bonded to Thr151_OH (2.7 A˚). It seemssimilar to the magnesium coordinated structure of CheY
from Thermotoga maritima (PDB code: 4tmy) (Usher et likely, therefore, that Glu147 and Arg148 are the two key
residues in maintaining the structure of the kink, at leastal., 1998) (see Figure 3A). The C superimposition has
an rmsd of 1.6 A˚ making it the closest structural equiva- under crystallization conditions. Although both residues
are present in Rv1626 and AmiR, they are not totallylent to the Rv1626 receiver domain. One residue of
Rv1626, Arg70, is found in the disallowed region in the conserved among the other ANTAR domain containing
proteins (see Figure 5). The compact shape of the overallRamachandran plot (see Table 1). It is fully visible in the
2Fo  Fc electron density map when contoured at the 1	 molecule is further strengthened by intradomain hydro-
gen bonds linking 5 to 6. Glu135_O2 is hydrogenlevel and makes a crystal contact through a salt bridge,
between Arg70_N
 and Arg70_N
 and each of the car- bonded to Glu157_O2 (2.6 A˚), again suggesting proton-
ated carboxyl groups, and Arg132_N
H hydrogen bondsboxyl oxygens on Asp184 of a symmetry equivalent
molecule. The conformation of the -loop might be af- to Glu170_O1 (2.9 A˚).
fected by this contact and consequently may not reflect
the conformation in solution under physiological condi- The ANTAR Domain
This newly described ANTAR domain, shown to be antions.
Helix 5 extends into the linker region between the RNA binding domain (Wilson et al., 1996), is only found
in bacterial species (Shu and Zhulin, 2002). This domainN- and C-terminal domains, which we refer to as the kink
region (Figure 1), being defined as the region between is mainly found in small proteins with a receiver like
N-terminal domain, or with a GAF domain (a domainresidues 138 and 149 (see Figure 5). Arg148 is held
rigidly by three hydrogen bonds: Arg148_N to Leu138_O which is associated with phytochromes and cGMP-spe-
Figure 3. Rv1626 Superimposed with CheY
and NarL
(A) Superimposition of the N-terminal receiver
domains of Rv1626 (red) and CheY (green).
(B) Superimposition of the N-terminal receiver
domains of Rv1626 (red) and NarL (cyan).
Side chains believed to be involved in phos-
phorylation and signal propagation are shown
in ball-and-stick representation. All labeling
is done with respect to Rv1626. The figure
was prepared in MOLSCRIPT (Kraulis, 1991)
and rendered in Raster3D (Merritt and Bacon,
1997).
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Table 1. X-Ray Crystallographic Statistic and Small Angle Scattering Data
Crystal Parameters Native Iodide Soak
Space group P43212 P43212
Cell parameters (A˚) a  b  44.83, c  180.60 a  b  44.56, c  180.97
Data Collectiona
Beam line X11 BW7A
Wavelength (A˚) 0.813 0.981
Resolution (A˚) 1.48 1.67
Reflections (observed/unique) 190,731/29,935 246,268/22,233
Completeness (%) 99.7 (99.9) 99.9 (99.3)
I/	(I) 21.7 (3.1) 32.9 (5.9)
Rsymb (%) 3.7 (47.8) 3.6 (36.8)
Phasing
f″ (electron units) 3
Solvent fraction 0.38
Molecules in asymmetric unit 1
Iodide sites used in phasing 9
FOM (DM) 0.848
Refinement
Resolution (A˚) 30.0–1.48 25–1.67
Rworkc/Rfreed (%) 20.3/22.8 16.5/21.6
Rms bond length (A˚) 0.010 0.009
Rms bond angle () 1.1 0.9
Ramachandran plot
Additionally allowed (%) 94.7 94.7
Most favored (%) 4.7 4.7
Disallowed (%) 0.6 0.6
SAXS Data
Sample Buffer 8_nsj 8_sj
M(Rv1626)eexp(kDa) 20  3 20  3
M(Rv1626)eseq(kDa) 22.6 22.6
Rgf (nm) 1.98  0.02 2.14  0.02
Rgg (nm) 2.00  0.01 2.15  0.01
Dmaxh (nm) 6.0  0.5 7.0  0.5
i 1.30 1.49
a Numbers given in parentheses are from the last resolution shell.
b Rsym  hkli|Ii(hkl)  I(hkl)|/hkli Ii(hkl), where Ii is the intensity of the ith reflection and I is the average intensity.
c Rwork  hkl||Fo|  |Fc||/hkl|Fo|, where Fo is the observed structure factor and Fc the calculated.
d Rfree was calculated as for Rwork, but on 5% of the reflections excluded from the refinement.
e Molecular mass calculated from scattering data (exp) and from protein sequence (seq).
f Experimental radius of gyration, from Guinier approximation.
g Experimental radius of gyration, from the program GNOM.
h Experimental maximum diameter, estimated from the distance distribution function p(r).
i Discrepancy between experimental data, and the best fit obtained by rigid body refinement.
j Abbreviations are as in the Experimental Procedures.
cific phosphodiesterases). The ANTAR domain con- has no solvent contacts and any larger side chain would
not fit into this hydrophobic cavity without destabilizingtaining proteins have previously been divided into three
different classes based on sequence similarity (Shu and the hydrogen bond between Lys159_N and Glu170_O2
(see Figure 4A).Zhulin, 2002). The C terminus of Rv1626 is structurally
homologous to the C-terminal ANTAR domain of AmiR Ala158 and Ala192 form an intermolecular contact be-
tween 6 and 8. Ala192_C points into the hydrophobicfrom Pseudomonas aeruginosa (see Figure 4C). The su-
perimposed C backbone has an rmsd of only 0.8 A˚. pocket generated by Leu155 and Val156 and is totally
isolated from the solvent. Ala158_C is pointing directlyThe structural comparison shows a plausible reason
why Ala173, Lys159, and Glu170 are fully conserved toward the Ala192_C and consequently a larger side
chain would change the orientation of 6 with respectin the ANTAR domain (see Figure 5). Lys159_N and
Glu170_O2 make a hydrogen bond, linking helices 6 to 8 (see Figure 4B).
Ala181 seems to have a key role in maintaining theand 7, thus fixing the intermolecular distance between
the two helices. Ala173_C packs between Lys159 and geometry between 7 and 8, it is pointing toward the
Met188_C and only makes one side chain contact,Glu170, thus fixing the three dimensional orientation of
helices 6 and 7 with respect to each other. Ala173 which is the hydrophobic interaction between Ala181_C
A Transcriptional Antiterminator from MtB
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Figure 4. Structural Motifs in the C Terminus of Rv1626
(A) The figure shows the packing of Lys159, Glu170, and Ala173, which determine the relative orientation between helices 6 and 7. The
hydrogen bond between Lys159_N and Glu170_O2 is shown as a dashed line. Ala174_C is represented as a transparent space-filling sphere
colored green, all residues with atoms within 4.0 A˚ are represented as gray space-filling spheres.
(B) The interatomic interaction connecting 6 and 8 via Ala158 and Ala192 is shown with the Ala158_C and Ala192_C in transparent green.
Only the side chain and C of these residues have been shown in ball-and-stick representation.
(C) The superimposed ANTAR domains of Rv1626 (red) and AmiR (Cyan). The side chains believed to be involved in tertiary structure
organization are shown in ball-and-stick representation and are labeled as in the sequence alignment. The figure was prepared in MOLSCRIPT
(Kraulis, 1991) and rendered in Raster3D (Merritt and Bacon, 1997).
and Val191_C2. There is solvent access to the ceiver domains gives a larger rmsd (3.3 A˚), NarL repre-
sents a full-length two-domain protein.Ala181_C, which could explain why a serine could re-
place the role of alanine without distorting the geometry The similarity in the output domains between NarL
and AmiR has been previously discussed (O’Hara et al.,of the turn. Ala181_O makes hydrogen bonds to
Arg185_N and Thr186_N, and these hydrogen bonds are 1999), and although is seems likely that Rv1626 is RNA
binding, the general mode of binding might be similarprimarily responsible for maintaining the turn between
7 and 8. There are no water molecules intercalated to that of NarL to DNA. The first crystal structure of NarL
showed a compact monomer (Baikalov et al., 1996), andin the turn.
it was proposed that NarL bound DNA as a monomer
since there was no biochemical evidence for dimeriza-Rv1626 Is Likely to Be an Antiterminator
tion at the time. It was not until the crystal structure ofBoth N and C termini of AmiR and Rv1626 share similar
the C terminus in complex with DNA was determinedfolds and the protein sequences are approximately the
together with DNA footprinting experiments that it wassame length. The structural homology between the two
established that the C terminus of NarL binds as a homo-proteins suggests that Rv1626 belongs to a homologous
dimer (Maris et al., 2002), with a C2 axis parallel to theclass of antiterminators with a yet unknown site of regu-
dimer interface. This is the same arrangement, which islation. There are two significant differences between the
present in the output domain of the AmiR homodimer.two proteins. First, there is a kink in the linker helix
We believe, therefore, that Rv1626 could behave in abetween the N- and C-terminal domains of Rv1626; and
similar fashion to NarL, only dimerizing and exposingsecond, the highly conserved phosphorylation sites
its RNA binding surface when phosphorylated and inpresent in Rv1626 (see Figures 2 and 3) are not present
contact with its specific RNA. The coiled-coil predictionin AmiR. On the basis of the phosphorylation site present
program COILS (Lupas et al., 1991) suggests a highlyin Rv1626, we are able to structurally postulate the divi-
probable coiled-coil region from residue 133 to 153,sion of ANTAR domain containing proteins with an
equivalent to the coiled-coil interface in the AmiR homo-N-terminal receiver domain fold into two different classes
dimer (see Figure 5). The low rmsd between the twoof antiterminators. One class, represented by AmiR,
ANTAR domains, given the fact that the C terminus inwhich is part of the amidase operon in Pseudomonas
AmiR is forming a dimer, whereas in our structureaeruginosa (Wilson and Drew, 1995), does not have the
Rv1626 is not, could indicate that the domain is veryN-terminal catalytic site, and is activated by release from
rigid and that the geometry within the domain has to beits chaperone protein, AmiC (O’Hara et al., 1999). The
maintained in order to allow the correct geometry forsecond class, represented by Rv1626, is likely to be
specific binding. This would explain why the fully con-activated by means of phosphorylation, in a manner
served alanines are required to maintain the observedequivalent to the two-component systems found in eu-
geometric arrangement of C-terminal helices.bacteria. We propose referring to this family as phos-
phorylation-dependent transcriptional antitermination It has previously been established that the receiver
regulators (PDTAR). domain in many response regulators can be phospory-
lated with small inorganic donors like acetyl and carbamoyl
phosphate (McCleary et al., 1993). Initial experimentsRv1626 Might Functionally Resemble NarL
with Rv1626, performed using conditions described inWe have preferred NarL from Escherichia coli (PDB:
(McCleary et al., 1993), have been inconclusive and are1a04) (Baikalov et al., 1996) for more detailed compari-
sons because even though the superimposition of re- ongoing. Observation of a phosphorylation-induced
Structure
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Figure 5. Combined Multiple and Structural Alignment with Rv1626
Sequences from 17 different bacterial species have been aligned. None of the sequences share a sequence similarity greater than 70%. In
the N terminus they have been docked to the structural elements of Rv1626 Mycobacterium tuberculosis (AC#NP_216142) and NarL (b1221)
from Escherichia coli (AC#NP_415739). The following coloring scheme is used: YMWFLIVCP (green), NQHTS (light magenta), AG (yellow), DE
(red), and KR (blue). The structural elements have been defined using DSSP (Kabsch and Sander, 1983). In the C terminus they have been
docked to the structural alignment between Rv1626 and AmiR (Pa3363) from Pseudomonas aeruginosa (AC# P10932). The numbering and
the secondary structure elements are according to Rv1626. The residues of the phosphorylation site common to most receiver domains are
marked with black triangles; residues believed to be involved in signal transmission have been marked with white triangles. The coiled-coil
region present in AmiR is marked with a box; the kink region in Rv1626 has been labeled. Key residues involved in maintaining the domain
geometry of the C terminus in Rv1626 have been marked with circles where circles of same color indicate residues which are making
A Transcriptional Antiterminator from MtB
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conformational change using SAXS or native gel ex- have similar genomic arrangements with Rv1626 tran-
scribed on the strand and with the closest open read-periments has been unsuccessful. The rate of autode-
phosphorylation in response regulators are well known ing frames (ORFs) up and downstream on the  strand.
When comparing Mycobacterium tuberculosis with My-to vary from days (Janiak-Spens et al., 1999) to seconds
(Hess et al., 1988), and this could be the reason why we cobacterium leprea the ORFs up- and downstream of
the Rv1626 ortholog (Ml1287) are all annotated as pseu-do not detect a change on the long time scales required
for these experiments. The tertiary change induced by dogenes implying that there is no obvious associated
sensor histidine kinase among the pseudogenes. Mostphosphorylation also varies. In the chemotactic system,
CheY and CheB remain as monomers upon phosphory- regulatory proteins are found within the same operon, as
is the case for the assimilatory nitrate/nitrite reductaselation (Anand et al., 1998; Lowry et al., 1994), while the
sporulation regulator Spo0A dimerizes (Lewis et al., operon from Azetobacter vinelandii or the amidase op-
eron from Pseudomonas aeruginosa. One recent study2002), and the nitrogen regulatory protein NtrC is able
to form higher oligomeric states (Wyman et al., 1997). has established that Rv1626 is required for the optimal
growth of Mycobacterium tuberculosis (Sassetti and Ru-
bin, 2003). The ORFs of four of the homologs aligned inHomology to NasT from Azetobactor vinelandii
Figure 5, (Fn0076, Cpe0895, Cac2721, and Lin1136) are,We performed a sequence search using the SMART
however, associated with a putative sensor histidineserver (Schultz et al., 1998) to identify proteins with a
kinase located downstream of the antiterminator. Thesimilar domain organization, namely an N-terminal re-
putative antiterminator/histidine kinase pairs are all lo-ceiver and a C-terminal ANTAR domain. The criteria for
cated upstream of homologs of the ethanolamine op-selection were the presence of the conserved residues
eron initially identified in Salmonella typhimurium (Ko-of the phosphorylation site and the requirement that the
foid et al., 1999; Roof and Roth, 1988). As indicated byprotein only consist of two domains. Only sequences
the ListiList database (Moszer et al., 1995) for Listeriawith a sequence identity less than 70% were sequence
innocua, there is the expectation of a stem loop locatedand structurally aligned to Rv1626 and NarL in the N
at positions 1,154,724–1,154,763 on the genome, sepa-terminus and to AmiR in both N and C termini. Only
rating the ORFs for the antiterminator/sensor histidinebacterial proteins were found with this domain organiza-
kinase pair and the ethanolamine operon. This stem looption (see Figure 5). The sequence identity between
formation could be the site of interaction for Lin1136Rv1626 and NasT (Avin1712) (Gutierrez et al., 1995) from
and could be involved in the transcriptional control ofAzetobactor vinelandii is 29%. The residues in the phos-
the operon. Putative stem loops are also present in thephorylation site of the receiver domain of Rv1626 (Glu20,
equivalent regions of Fusobacterium nucleatum, Clos-Asp21, Asp65, and Lys114) have equivalent residues in
tridium perfringens, and Clostridium acetobutylicum.NasT from Azotobactor vinelandii (Asn8, Asp9, Asp48,
and Glu102). To the best of our knowledge only one
study (on CheY) has been made where, upon changing X-Ray Scattering Reveals a Conformational
Change of Monomeric Rv1626lysine to arginine (Lukat et al., 1991) at the last position,
phosphorylation was not prevented, but rather, the in- Since the crystal structure of Rv1626 does not support
a dimer structure in vitro, but size exclusion chromatog-herent degree of autodephosphorylation was altered.
The residues for signal propagation in Rv1626 (Thr92 raphy during protein purification had suggested a dimer
in solution, the oligomeric state of the molecule in solu-and Tyr111) also have equivalents in NasT (Thr80 and
Tyr111). We believe there is sufficient similarity between tion was analyzed using small angle X-ray scattering
(SAXS). Four SAXS experiments were performed. Be-Rv1626 and NasT to place them in the same structural
class of antiterminators. Proteins of this class probably cause the crystallization conditions were at pH 4.0 and
no salt, while the purification was carried out at pH 8.0use phosphorylation as the means of activation or deac-
tivation, but would have different RNA binding targets. with 150 mM KCl, Rv1626 was dissolved in buffers at
pH 4.0 and pH 8.0 with and without added KCl. VirtuallyIn a classical two-component system it is accepted
that the phosphorylated receiver domain activates the no changes in the scattering curves were observed
when changing the pH. Figure 6 presents the back-molecule, which then acts on the transcription initiation
complex. On the basis of the structure of Rv1626 it is ground corrected and processed scattering intensities
as a function of momentum transfer at pH 8.0 (s  4likely that the same type of regulation is possible at the
secondary level of transcriptional control, namely in the sin()/ where, 2 is the scattering angle and   0.15
nm is the X-ray wavelength). The determined overalltermination/antitermination event. Rv1626 and other ho-
mologs in the high GC content actinobacteria family all parameters of the solutes (radius of gyration Rg, molecu-
intermolecular contact. Sequences 1 and 3–6 all belong to the phylum of actinobacteria, Tfus0179 from Thermobifida fusca (AC#ZP_00056839),
Sco2013 Streptomyces coelicolor (AC#NP_626274), Twt291 Tropheryma whipplei (AC#NP_787419), and Blon1604 Bifidobacterium longum (AC
#ZP_00121773). Sequences 7 and 8 belong to the phylums Chloroflexi and Fusobacteria, Chlo1533 Chloroflexus aurantiacus (AC#ZP_00018543),
Fn0076 Fusobacterium nucleatum (AC#NP_602990). Sequences 9–13 belong to the phylum Firmicutes, Ef1633 Enterococcus faecalis
(AC#NP_815343), Ctc02179 Clostridium tetani (AC#NP_782732), Cpe0895 Clostridium perfringens (AC#NP_561811), Cac2721 Clostridium
acetobutylicum (AC#NP_349327), and Lin1136 Listeria innocua (AC #NP_470473). Sequences 2 and 14–19 belong to the phylum Proteobacteria,
C2226 Chromobacterium violaceum (AC#AAQ59898), Xcc2004 Xanthomonas campestris (AC#NP_637369), Agrl1879 Agrobacterium tumefa-
ciens (AC#NP_356727), Bll4573 Bradyrhizobium japonicum (AC#NP_771213), and NasT (Avin1712) Azotobacter vinelandii (AC#ZP_00090032).
The alignment was made with CLUSTALW and edited in ALSCRIPT (Barton, 1993).
Structure
1602
data was performed. We assumed that the tertiary struc-
ture of the enzyme remained unchanged and only rota-
tions of the C terminus around a point centered at the
Ala144 C atom were allowed. In an exhaustive search
more than 1300 tentative models were generated and
the calculated scattering curves from these models were
compared to the experimental data. The model yielding
the best fit, with the discrepancy   1.31 to the scatter-
ing curve recorded in the salt-free buffer, displays an
orientation of the C-terminal very close to that observed
in the crystal structure (rmsd over the C atoms of 1.46 A˚,
see Figure 6). The latter structure, as such, also yields
a rather good fit with  1.40 (for comparison, the worst
model yields   2.59). This suggests that the compact
(crystal) structure of Rv1626 is largely retained in solu-
tion both at pH 4.0 and at pH 8.0. In contrast, the theoreti-
cal curve computed from the crystal structure yields a
poor fit to the scattering data in 200 mM KCl buffer with
  2.34, whereas the best model (  1.48) displays
an increased angle between 5 and 6 when compared
to the crystal structure. (rmsd 11.0 A˚, see Figure 6). This
clearly indicates a major conformational change from a
compact to a more elongated shape induced by the
ionic strength of the solvent. It should be noted that both
models represent an average of conformations whichFigure 6. Experimental Scattering Patterns, Distance Distribution
Rv1626 may exhibit in solution, and this potential flexibil-Function p(r), and Model
ity can explain the residual deviations between the ex-The bottom graph represent the experimental scattering patterns
perimental data and the fits in Figure 6.plotted as black dots with error bars. The scattering patterns have
been displaced for clarity. Top scattering pattern is from Rv1626 in
pH 8.0 with no salt. For the bottom pattern data were accumulated
at pH 8.0 with 200 mM KCl, the best rigid body modeling fits have Conclusion
been plotted as a solid line and colored, respectively, pink and blue. We have solved the crystal structure of Rv1626 at 1.48 A˚
The crystal structure with the two best fits have been superimposed resolution. The full-length protein has an N-terminal re-
and colored with same color coding as the fits; the crystal structure
ceiver domain, with a fully conserved phosphorylationis colored gray. The top graph represents the distance distribution
site, common to phosphorylation sites found in bacterialplot p(r), computed from the experimental X-ray scattering patterns
with the program GNOM. The color coding is as previously men- two-component systems. The C-terminal domain is the
tioned. The figure was prepared with SIGMAPLOT and PYMOL (Del- second structure solved of an ANTAR domain (O’Hara
ano, 2002). et al., 1999; Shu and Zhulin, 2002). The geometrical ar-
rangement of helices in the ANTAR domain is highly
conserved between the domains, despite the differentlar mass M(Rv1626), and maximum particle size Dmax)
are summarized in Table 1. In all cases the experimental environments. We suggest residues Lys159, Glu170,
and Ala173 form a structural motif important for main-M(Rv1626) of the solute agrees, within error, with the
value calculated from the primary structure (see Table taining a rigid helical arrangement between helices 6
and 7 in the ANTAR domain. A similar motif is also1) indicating that Rv1626 is a monomer in solution in all
four conditions. By increasing the ionic strength of the seen in AmiR as a part of the dimer interface. The resi-
dues Ala158 and Ala192 are important for maintainingsolution an attempt was made to induce formation of a
possible homodimer. This indeed caused a noticeable the spatial arrangement of helices in the ANTAR domain.
SAXS was performed to analyze the oligomeric state ofchange in the scattering profile (Figure 6). Although the
particle remained monomeric, both Rg and Dmax in- the protein in solution. It was found that Rv1626 is a
monomer in solution, a finding also supported by thecreased significantly, indicating that Rv1626 elongates
at higher ionic strength. The same conclusion can be crystal structure. The solution structure also established
that Rv1626 undergoes a conformational change anddrawn from the comparison of the distance distribution
functions p(r) (see Figure 6, insert). The value of Dmax of becomes more elongated at higher ionic strength.
Whether this change is physiologically relevant has notabout 60 A˚ in the buffer without salt agreed well with
that expected for the molecule in the crystal structure been established, but it does imply that the protein is
potentially flexible and that the crystal structure onlyof Rv1626, whereas Dmax of about 70 A˚ at high salt indi-
cates an elongated structure more similar to the mono- reflects one of a number of possible conformations. On
the basis of the structure reported here we propose themer of AmiR which would have a diameter of 80 A˚
(O’Hara et al., 1999). The elongated structure in the high- division of the ANTAR domain containing proteins into
two different classes, based upon the presence or ab-salt buffer may also explain why Rv1626 behaves more
like a globular dimer in size exclusion chromatography. sence of a phosphorylation site in the N-terminal re-
ceiver domain. It is likely that the means of activationIn order to validate the crystallographic model of
Rv1626, rigid body modeling against the experimental will be similar to that of NarL, which also exists as a
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(Cowtan and Main, 1993). The structure was build with ARP/wARPmonomer until activated by phosphorylation, when it
(Perrakis et al., 1997) and refined with refmac5 (Murshudov et al.,dimerizes in the presence of its cognate DNA (Maris et
1997). The final model building was performed with XtalViewal., 2002). We propose, based on sequence homology,
(McRee, 1999). The refined native coordinates and the structure
that NasT from the assimilatory nitrate/nitrite reductase factors have been deposited with the RSCB (PDB ID: 1S8N. Those
operon in Azetobacter vinelandii, belongs to the same for the refined iodide soak have PDB ID: 1SD5)
class of antiterminator as Rv1626.
SAXS Measurements, Data Processing, and ModelingExperimental Procedures
The synchrotron radiation X-ray scattering data were collected using
standard procedures on the X33 beamline of the EMBL on the stor-Cloning, Subcloning, Expression, and Purification
age ring DORIS II at DESY, Hamburg using single wire gas detectorsThe PCR amplification of Rv1626 was performed using the Myco-
(Gabriel and Dauvergne, 1982). A two-detector setup covered smallbacterium tuberculosis H37Rv genomic DNA as the template, with
(SAXS) and wide scattering angles (WAXS) in the total range ofthe Herculase Hotstart DNA polymerase (Stratagene), using the fol-
lowing primers: 5-CCATATGGCTACCGGCCCCACCACCGACGCC momentum transfer 0.12  s  9.9 nm1. To check for radiation
GATGCCGCT-3 and 5-CCAAGCTTATTAGTGTCTTTGGGTGTTC damage the data were collected in 15 successive 1 min frames.
CGA-3. Before and after each scan, a scan with the appropriate buffer
The forward primer inserted an alanine codon (GCT) immediately was measured for background subtraction. The measurements were
following the start codon to enhance protein expression (Looman carried out in four different buffers: 8_ns (20 mM HEPES [pH 8.0]),
et al., 1987). Following sequence confirmation, the PCR product 8_s (20 mM HEPES [pH 8.0], 200 mM KCl) and 4_ns (20 mM KAc
was ligated into the pCR 4BLUNT-TOPO vector from the Zero Blunt [pH 4.0]), 4_s (20 mM KAc [pH 4.0], 200 mM). For buffer 8_ns concen-
TOPO PCR kit (Invitrogen). The insert was subcloned into pET22b trations of 20, 10, and 5 mg/ml and for 8_s concentrations 20, 10,
(Novagen). The plasmid was transformed into BL21-CodonPlus 5, and 2 mg/ml were measured for SAXS. With buffers 4_ns and 4_s
(DE3)-RP (Stratagene) cells. Cells were induced with 1 mM IPTG at only measurements at 10 mg/ml were performed, and these curves
OD600  0.6 for 4 hr at 37C. The cells were harvested by centrifuga- were undistinguishable from those recorded at 10 mg/ml in 8_ns
tion and lysed with a French press in 20 mM Tris (pH 8.0) containing and 8_s buffers, respectively. The difference curves were scaled for
1.0 g/ml DNase I, 4 mM DTT, and one protease inhibitor mix tablet the solute concentration and extrapolated to infinite dilution using
(Roche). The lysate was spun down at 20 krpm for 30 min. The the program PRIMUS (Konarev et al., 2003). WAXS data in 8_ns and
supernatant was run on a 5.0 ml HiTrap Q HP column (Amersham 8_s with protein concentrations 40 and 20 mg/ml, respectively, were
Biosciences) equilibrated in buffer A (20 mM Tris [pH 8.0], 50 mM collected and merged to the SAXS data to yield the final composite
KCl, 2 mM DTT). A 20 column volume gradient was run from buffer scattering curves.
A to buffer B (20 mM Tris [pH 8.0], 1.0 M KCl, 2 mM DTT). The The maximum dimensions Dmax were estimated using the program
protein eluted around 400 mM KCl. The protein was further purified ORTOGNOM (Svergun, 1993). The forward scattering I(0) and the
by size exclusion chromatography using a HiLoad 16/60 Superdex radius of gyration Rg were evaluated by the Guinier approximation75 column (Amersham Biosciences) equilibrated in buffer A. The (Guinier, 1939) and also using the indirect transform package GNOM
peak fractions were concentrated using a centricon-20 (Amicon) to
(Svergun, 1992), which provides the distance distribution functions
a concentration of 12 mg/ml measured by absorbance at 280 nm
p(r) of the particles. The molecular masses of the solutes were
with an extinction coefficient of 8250 M1cm1.The buffer was
evaluated by calibration against reference solutions of bovine serum
changed to buffer C (degassed filtered ddH2O, 2 mM NaN3, 1 mM albumin.DTT) during concentration.
For rigid body modeling, the atomic coordinates of the C-terminal
domain were allowed to rotate around the coordinate of Ala144.C.
Crystallization and Data Collection and Processing Preliminary analysis in terms of N- and C termini was performed
Crystallization was by the micro batch method. 4 l drops were set
interactively against the small-angle portions of the scattering data
up under paraffin oil in 72-microwell plates (Nunc-intermed) using
(up to s  3 nm1) using the program MASSHA (Konarev et al.,
2 l protein in buffer C and 2 l precipitant. Diffracting crystals
2001). To fit the entire scattering patterns, an exhaustive search
appeared in 14%–18% PEG 1.5K, with no added buffer. It was
was performed where 1331 tentative models were generated by
important that remnants of the purification buffer were removed.
rotations of the C-terminal over the three Euler angles from 30The natural pH of a 50% PEG 1.5K stock solution is below 4, and
to 30 each with the step of 6. The scattering from these modelsthis is important for crystallization. The crystals grew as intertwined
was calculated and compared with the experimental data using theneedle clusters. It was necessary to manually break pieces of the
program CRYSOL (Svergun et al., 1995).crystal clusters to obtain a single crystal fragment. For phasing,
iodide derivatization was performed by a quick soak using 0.5 M
NaI in 15% PEG 1.5K for 5–10 s. This solution also functioned as a
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